ABSTRACT:
The latest determination of the Avogadro constant, carried out by counting the atoms in a pure silicon crystal highly enriched in 28 Si, reached the target 2  10 -8 relative uncertainty required for the redefinition of the kilogram based on the Planck constant. The knowledge of the isotopic composition of the enriched silicon material is central; it is measured by isotope dilution mass spectrometry. In this work, an independent estimate of the 30 Si mole fraction was obtained by applying a relative measurement protocol based on Instrumental Neutron Activation Analysis. The amount of 30 Si isotope was determined by counting the 1266.1 keV -photons emitted during the radioactive decay of the radioisotope 31 Si produced via the neutron capture reaction 30 Si(n,) 31 Si. The x( 30 Si) = 1.043(19)  10 -6 mol mol -1 is consistent with the value currently adopted by the International Avogadro Coordination.
Since 1889, the unit of mass of the International System of Units (SI) is a material artifact called the international prototype of the kilogram (IPK). While a unit of measurement should be invariant, it is suspected a relative mass drift of about 5  10 -8 over a century between the IPK and its national copies. 1 Given the paramount importance of the kilogram within the SI, an instability of the IPK mass is widely recognized as unacceptable.
The existing issue would be solved by a redefinition of the kilogram in terms of a fundamental constant of nature. With the purpose of assuring continuity to mass metrology, it has been agreed that the relative uncertainty of any new realization of the unit must not exceed 2  10 -8 . In this framework, there is an ongoing attempt to redefine the kilogram in terms of an exact, fixed value of the Planck constant, h. [2] [3] [4] At present, there are two independent techniques capable to determine h to within the required accuracy. The first is based on the watt balance (WB) method 5, 6 and the latter in based on the xray crystal density (XRCD) method. 7, 8 The WB approach determines h by measuring the electromagnetic force necessary to support 1 kg mass whereas the XRCD approach determines h by measuring the Avogadro constant, N A , which is linked to h through the accurately known molar Planck constant, N A h.
Recently, the XRCD experiment was carried out with upgraded measurement protocols and apparatuses using two 1 kg spheres made from a highly pure silicon single crystal, called AVO28, isotopically enriched in 28 Si. 9 The Avogadro constant was determined with a relative uncertainty of 1.9  10 -8 by measuring the mass, m, the volume, V, the lattice parameter, a, and the molar mass, M, of each sphere. The correspondent h value achieved the target 2  10 -8 relative uncertainty established by the Consultative Committee for Mass and Related Quantities (CCM) for the new definition of the kilogram.
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The molar mass was obtained from a number of measurements of the isotopic composition of the silicon material, i.e. the mole fractions x( 28 Si), x( 29 Si) and x( 30 Si), performed by the Physikalisch-Technische Bundesanstalt (PTB), the National Metrology Institute of Japan (NMIJ) and the National Institute of Standards and Technology (NIST). The data were collected with multi-collector inductively coupled plasma mass spectrometers (MC ICP-MS) using the 'virtual element' isotope dilution mass spectrometry (VE-IDMS) technique. [11] [12] [13] The adopted measurement protocol is the outcome of a significant effort dedicated to the development of the method used for the determination of the molar mass. The comparison of the results obtained in several experiments carried out in different laboratories [14] [15] [16] [17] [18] showed a general agreement with the only exception of a significant discrepancy observed by the Institute for National Measurement Standards, National Research Council Canada (NRC).
A contamination by natural silicon of the dissolved samples producing the consistent results was formerly argued to explain the inconsistency of the NRC datum. 15, 19 However, a subsequent careful analysis of the analytical method suggested that the use of alkaline solutions containing sodium for sample dissolution and dilution affects the result. 20 Accordingly, high levels of aqueous sodium hydroxide (NaOH) must be avoided or, in alternative, tetramethylammonium hydroxide (TMAH) should be used instead of NaOH. 18 Given that (i) all the available molar mass data have been obtained with the VE-IDMS technique and that (ii) the possible contamination of the 28 Si-enriched samples by natural silicon is still under consideration, the application of an in-solid analytical technique based on a different method would be helpful to verify the available data and to solve the existing disagreement. Accordingly, the use of neutron activation to determine the x( 30 Si) of a silicon material isotopically enriched in 28 Si has been investigated. The experimental data collected with a natural silicon sample indicated that the measurement might reach a percent level relative uncertainty 21 , corresponding to a contribution at 10 -9 level to the relative uncertainty of M.
Since the anticipated relative uncertainty of the x( 28 Si and used to manufacture the 1 kg spheres. This paper gives the details of the experiment and the result of the measurement. 30 Si Mole Fraction. The neutron activation analysis is based on the conversion of stable nuclei to radioactive nuclei via nuclear reactions and the detection of the -photons emitted during the decay of the reaction products. 22 The use of the non-destructive approach, called instrumental neutron activation analysis (INAA), avoids the dissolution of the sample and decreases the risk of contamination compared to other techniques in which the sample has to be dissolved.
Determination of the
The application of INAA for the determination of the 30 Si mole fraction is feasible by counting the 1266.1 keV -photons emitted during the radioactive decay of 31 Si produced by activation of 30 Si via neutron capture reaction 30 Si(n,) 31 Si. The proof of concept and estimation of the achievable uncertainty in case of pure silicon materials highly enriched in 28 Si were reported. 21 The measurement protocol consists in the simultaneous irradiation of the 28 Si-enriched silicon sample and a natural silicon sample acting as a calibrator for the 30 Si isotope. The effects due to the neutron self-shielding during the neutron irradiation, the emission self-absorption during the -counting are considerably reduced by using a calibration sample having the same matrix, i.e. a silicon single crystal, shape and dimensions of the 28 Sienriched sample.
The x( 30 Si) value is determined using the following model function:
where the subscripts 28Si and natSi refer to the 28 Si-enriched and natural silicon sample, respectively, C(t d ) is the 1266.1 keV full-energy -peak detection count rate at a time t d after the end of the irradiation, m is the mass of the silicon sample and M is the molar mass. The correction factors
take the differences of decay time, reaction rate, detection efficiency, selfshielding, self-absorption and geometry of the silicon samples into account.
In details,  is the decay constant of 31 Si, R is the (n,) reaction rate per target 30 Si atom,  is the detection full-energy  efficiency for a point-like source located at the center of mass of the sample, k ss , k sa , and k g are the irradiation self-shielding, the emission self-absorption and the geometry factors, respectively.
It is noteworthy that the second term of equation (1) depends on the isotopic composition of the 28 Si-enriched sample through (   28Si  30  28  30   28Si  29  28  29 28 28Si
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where the subscripts natSi and 28Si have been omitted,  is the 31 Si decay constant, n c i and t dead i are the net count of the 1266.1 keV -peak and the detection dead time of the i th count, respectively.
Neutron Activation Rate. The spatial variation of the neutron energy spectrum in a reactor depends on the position of fuel elements and control rods. Typically, the integral (total) flux reaches a maximum at the center of the core. Since the reaction rate per target nucleus, R, depends on the neutron energy spectrum irradiating the samples, it is essential to monitor the nonuniformity of the neutron flux at the irradiation positions.
The simultaneous irradiation of the 28 Si-enriched and natural silicon samples makes only the variation of amplitude of the neutron energy spectrum relevant. Since the reaction 30 Si(n,) 31 Si has a cross section with a E -1/2 energy dependence, the reaction rate can be expressed according to the Høgdahl convention 23 , R =  th ( 0 + I 0 ()/f), where  th is the thermalneutron flux irradiating the sample,  0 is the (n,) cross section at 0.0253 eV, I 0 () is the resonance integral for a 1/E 1+ spectrum and f is the thermal to epithermal neutron flux ratio. Consequently, the  R correction factor can be estimated by measuring the ratio of the thermal fluxes at the irradiation positions.
To this purpose, flux monitors consisting of a known mass of an isotope having a (n,) cross section with a E -1/2 energy dependence are located near the samples during the irradiation. The following activation equation applies:
where the subscripts m-28Si and m-natSi refer to the monitors located near the 28 Si-enriched and natural silicon samples, respectively.
EXPERIMENTAL SECTION
Materials. A cylindrical sample of the 28 Si-enriched AVO28 crystal produced within the International Avogadro Coordination (IAC) project was cut by the PTB. The sample identification is Si28-10-Pr11 part 6.9.3. The calibration material was provided by INRIM and cut by the PTB. It consisted of a cylindrical sample of the WASO04 natural silicon crystal (sample identification WASO04 96S92 part 2) previously used for the determination of the Avogadro constant. The chemical properties of the WASO04 material have been widely studied in the framework of the determination of the Avogadro constant. In particular, the isotopic composition and the purity have been newly measured by PTB using multicollector-ICP-mass spectrometry and investigated by INRIM using INAA 24 , respectively. Accordingly, this material is suitable as a calibrator for the 30 Si isotope.. After cutting, the diameter, , and length, l, of the samples were  AVO28 = 9.586 mm,  WASO04 = 9.588 mm and l AVO28 = 31.15 mm, l WASO04 = 31.20 mm, where the subscripts AVO28 and WASO04 refers to the AVO28 and WASO04 material. Two samples, about 31 mm length, of a high-purity Co-Al wire (Reactor Experiment, code n. 604D, 0.46% Co mass fraction, 99.9313% purity, 0.381 mm diameter) were cut to monitor the neutron flux at the irradiation positions.
Preparation of the samples. Both the silicon samples were sequentially (i) washed with trichloroethylene, acetone and deionized water, (ii) etched for 10 min with a solution 10:1 of nitric acid (assay 67-69%) and hydrofluoric acid (assay 47-51%), and finally (iii) rinsed in deionized water, ethylalcohol and acetone to eliminate the surface contamination. This sequence was iterated by monitoring the mass variation of the sample until the removed silicon material was about 200 mg, corresponding to about 80 m external thickness. The final masses of the silicon samples, m AVO28 = 4.99060(3) g and m WASO04 = 5.01260(3) g, were measured using a digital analytical balance calibrated with SI-traceable weights. Here and hereafter, unless otherwise specified, the brackets refer to the standard uncertainty. The AVO28 sample was handled before the WASO04 sample and, after etching, they were kept physically separated to limit the 30 Si contamination of the 28 Si-enriched material.
The Co-Al monitors were sealed in two polyethylene microtubes. The masses of the monitors used for the AVO28 and WASO04 samples, 9.090(3) mg and 9.110(3) mg, respectively, were measured using a digital analytical balance calibrated with SI-traceable weights. The corresponding masses of the cobalt, i.e. the monitor element, are m m-AVO28 = 40.905(13) g and m m-WASO04 = 40.995(13) g.
The silicon samples were closed with their monitors in polyethylene irradiation vials (see figure 1a) . The microtube surrounding the monitor avoids the contact between the silicon and monitor materials.
The vials, the microtubes, the tweezers used to handle the silicon and monitor materials, the perfluoroalkoxy alkanes beakers used to wash, etch and rinse the silicon materials were cleaned in an ultrasonic bath with 10% (mass fraction) HNO 3 . All the chemicals were of ultrapure grade and the water was purified using a Millipore system (  18 M).
Neutron Irradiation. The neutron irradiation lasted 6 hours and was performed in the 250 kW TRIGA Mark II reactor at the Laboratory of Applied Nuclear Energy (LENA) of the University of Pavia. The nominal thermal and epithermal neutron fluxes are about 6 × 10 12 cm -2 s -1 and 5.5 × 10 11 cm -2 s -1 , respectively. The vials containing the silicon samples and the monitors were put in two polyethylene containers used for irradiation and located in the central thimble of the reactor. Figure 1b shows the position of the silicon samples with respect to the equator of the reactor core. Gamma Spectrometry. After the neutron irradiation, the silicon samples and the monitors were extracted from the vials and rinsed with 10% (mass fraction) HNO 3 . Four -spectrometry sequences were recorded with a coaxial HPGe detector ORTEC® GEM50P4-83 (66 mm crystal diameter, 50% relative efficiency, 1.90 keV FWHM resolution at 1332 keV), a digital signal processor ORTEC® DSPEC 502, and a personal computer running the software for data acquisition ORTEC® Gamma Vision. 25 The first -spectrometry sequence concerned the 1332.5 keV 31 Si -emission of the AVO28 sample and started at t d AVO28 = 72.6 min after the end of the irradiation. It consisted of 13 consecutive counts performed with a fixed counting window lasting 60 min. The second spectrometry sequence concerned the 1266.1 keV 31 Si -emission of the WASO04 sample and started at t d WASO04 = 1545.7 min. It consisted of 36 counts performed by adjusting on-line the counting window to have 1% and 8% counting uncertainty for the first 29 and the latter 7 counts, respectively. The counting position of the silicon samples is displayed in figure 2a . The cylindrical sample is resting in a silt made in a PMMA holder fixed to a counting container. The container is centered on the detector and supported by three figure 2b . The Co-Al monitor is fixed to the upper container of a stack of 10 containers centered on the detector and supported by three small spheres. The distance between the axis of the monitor and the detector end-cup is 193 mm.
The dead to counting time ratio, t dead / t c , of the detection system during the data collection was always below 10%, with the exception of the first 19 counts of the first sequence where it was between 26% and 10%. The stability of the detection system in terms of energy and resolution was checked before and after the -spectrometry measurements using a standard multi-gamma source located 5 cm from the detector end-cup. The resultant 31 Si count rates recorded with the AVO28 sample and the WASO04 sample, extrapolated at t d AVO28 and t d WASO04 , are reported in figure 3a and figure 3b , respectively. The error bars indicate the 95% confidence interval due to counting statistics. figure 3 show the 95% confidence interval associated to the weighted mean of the 31 Si count rates values. The agreement between the last 7 count rates recorded with the WASO04 sample (see figure  3b ) and the weighted mean value proves that the fitting algorithm doesn't introduce a significant systematic error in case of reduced counting statistics.
RESULTS AND DISCUSSION

Gamma
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Co count rates recorded with the monitor of the AVO28 sample and with monitor of the WASO04 sample, extrapolated at t d m-AVO28 and t d m-WASO04 are reported in figure 4a and figure  4b , respectively. The error bars indicate the 95% confidence interval due to counting statistics. After etching, the difference between the diameters and the lengths of the silicon samples is assumed lower than 0.05 mm and 0.1 mm, respectively. As a result, given that the linear attenuation coefficient of -photons in silicon at 1266.1 keV is about 0.1 cm -1 and it is independent on the isotopic composition 29 , the deviation of  sa from the unit value is within 1  10 The following analytical expression, reported in literature 30 , is adopted to calculate the (effective) neutron self-shielding factor ep ss 0 0 th ss 0 ss ) (
where Q 0 () is the ratio of the resonance integral to the thermal cross section of 30 Si, I 0 ()/ 0 , k ss th and k ss ep are the thermal and epithermal neutron self-shielding factors. . It is worth mentioning that in our case, since f is about one order higher than Q 0 (), the thermal and epithermal components of the effective neutron self-shielding factors are about 0.87 and 0.12, respectively
The counting container of the silicon sample is centered on the end-cup of the detector within 2 mm from the axis of the Ge crystal. The reproducibility of the vertical, horizontal and angular position is within 0.5 mm, 2 mm and 15°. The first of these is the main contributor to detection efficiency. Accordingly,   = 1 with a standard uncertainty of 6.6  10 
CONCLUSIONS
The INAA technique can be applied to determine the 30 Si mole fraction of the silicon material highly enriched in 28 Si used for the determination of the Avogadro constant (and, by implication, to the Planck constant). The immunity from natural silicon contamination of this in-solid analytical technique makes it a powerful test of the VE-IDMS molar-mass measurements.
The x(
30 Si) value obtained in this study reached a relative standard uncertainty lower than 2%, corresponding to a contribution to the relative uncertainty of the AVO28 molar mass of 1.3  10 -9 , if adopted. Additionally, the INRIM 2015 x( 30 Si) value is consistent with the PTB 2014 and NIST 2014 x( 30 Si) values. This agreement rules out a significant contamination of the isotopic composition results collected by the VE-IDMS technique and used to calculate the molar mass of the AVO28 material adopted for the latest N A determination. 9 The uncertainty budget pointed out that the count rate and the half-life of the radioactive 31 Si atoms produced by the target 30 Si atoms are the first two contributors to the measurement uncertainty. To enhance the 31 Si count rate, we plan to repeat the experiment using the higher neutron flux of the 20 MW OPAL reactor at the Australian Nuclear Science and Technology Organisation (ANSTO). As well, the preliminary results we obtained by recording the decay of the 31 Si showed that a more accurate determination of the 31 Si half-life literature value is possible. Consequently, a considerable decrease of the measurement uncertainty is likely.
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